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APPARATUS AND METHOD FOR PACING MODE SWITCHING DURING 
ATRIAL TACHYARRHYTHMIAS 

Field of the Invention 

5 This invention pertains to cardiac pacemakers and methods for operating such 

devices. In particular, the invention relates to methods for cardiac pacing during an atrial 
tachyarrhythmia. 

Cross Reference To Related Applications 
10 This application is related to the following co-pending, commonly assigned patent 

application: "System Providing Ventricular Pacing and Biventricular Coordination/' 
serial number 09/316,588 (Attorney Docket No. 00279.160US1), which disclosure is 
herein incorporated by reference in its entirety. 

15 Background 

Congestive heart failure (CHF) is a clinical syndrome in which an abnormality of 
cardiac function causes cardiac output to fall below a level adequate to meet the 
metabolic demand of peripheral tissues. CHF can be due to a variety of etiologies with 
that due to ischemic heart disease being the most common. Some form of cardiac pacing 

20 can often benefit CHF patients. For example, sinus node dysfunction resulting in 
bradycardia can contribute to heart failure which can be corrected with conventional 
bradycardia pacing. Also, some CHF patients suffer from some degree of AV block such 
that their cardiac output is improved by synchronizing atrial and ventricular contractions 
with dual-chamber pacing using a programmed AV delay time (i.e., atrial triggered 

25 ventricular pacing or AV sequential pacing). 

A common sequela of CHF is dilation of the heart chambers (especially the left 
ventricle) as end-diastolic volume is increased in the body's attempt to increase stroke 
volume. The ventricles can then become stretched and less contractile which actually 
worsens the heart failure. Stretching of the ventricular wall can also cause slowed 

30 conduction of depolarization impulses through the ventricle. If conduction velocity is 
slowed in the left ventricle more than the right, for example, the contraction of the two 
ventricles during ventricular systole becomes uncoordinated which lessens pumping 
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efficiency. Some CHF patients also suffer from conduction defects of the specialized 
conduction system of the heart (a.k.a. bundle branch blocks) so that a depolarization 
impulse from the AV node reaches one ventricle before the other. In both of these 
situations, cardiac output can be increased by improving the synchronization of right and 
5 left ventricular contractions. Cardiac pacemakers have therefore been developed which 
provide pacing to both ventricles. (See, e.g., U.S. Patent Number 4,928,688, issued to 
Mower and hereby incorporated by reference.) 

Due to stretching of the atrial walls caused by the cardiac dilation described 
above, CHF patients are predisposed to occurrence of atrial tachyarrhythmias. Atrial 

10 tachyarrhythmias are cardiac rhythms characterized by atrial contractions occurring at a 
rapid rate, either due to an ectopic excitatory focus or abnormal excitation by normal 
pacemaker tissue. Atrial tachyarrhythmias can be classified according to increasing rate 
into entities that include atrial tachycardia, atrial flutter, and atrial fibrillation. Due to the 
refractory period of the AV node, some degree of AV block is usually always present so 

15 that the ventricular rate is less than the atrial rate if the AV conduction pathway is 
otherwise intact. In atrial fibrillation, the atria depolarize in a chaotic fashion with no 
effective pumping action, and the ventricles beat both rapidly and irregularly due to 
conduction of excitatory impulses from the fibrillating atria through the AV node. In 
atrial tachyarrhythmias, and especially atrial fibrillation, the atria no longer act as 

20 effective primer pumps for the ventricles which decreases stroke volume, referred to as a 
loss of atrio-ventricular synchrony. Also, when the ventricles contract at irregular 
intervals, the contraction can occur prematurely before diastolic filling is complete and 
decrease the stroke volume for that contraction. An episode of atrial tachyarrhythmia can 
thus depress cardiac output and cause such symptoms as dyspnea, fatigue, vertigo, and 

25 angina. This is especially problematic in CHF patients who are already hemodynamically 
compromised. 

Summary of the Invention 
The present invention relates to a method and system for altering the pacing mode 
30 of a pacemaker in order to maintain hemodynamic stability during an atrial 
tachyarrhythmia such as atrial fibrillation. The invention may be especially beneficial to 
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pacemaker patients with CHF whose hemodynamics are adversely affected by episodes of 
atrial fibrillation. 

In accordance with the invention, the pacing mode of a pacemaker is switched 
from a normal pacing mode to an atrial fibrillation pacing mode in response to detection 
5 of an atrial tachyarrhythmia. The atrial fibrillation pacing mode is adapted for pacing in 
the presence of an irregular intrinsic ventricular rhythm. Depending upon the individual 
patient and the normal pacing mode, the atrial fibrillation mode may include initiation or 
modification of ventricular ^synchronization therapy, initiation of ventricular rate 
regularization pacing, and/or changes to rate-adaptive parameters. 

10 In one embodiment, the atrial fibrillation mode includes ventricular 

resynchronization, wherein pacing stimulation is applied to both ventricles or to one 
ventricle in a manner that improves the coordination of ventricular contractions. Such 
pacing is beneficial in patients with interventricular or intraventricular conduction 
defects, and switching to a resynchronization mode during an episode of atrial 

15 tachyarrhythmia improves cardiac output in those patients. If the normal pacing mode 
already includes resynchronization therapy, it may be beneficial to modify the 
resynchronization in the atrial fibrillation mode by, for example, adjusting a biventricular 
offset value or initiating biventricular triggered pacing. 

In another embodiment, the atrial fibrillation mode includes ventricular rate 

20 regularization where a ventricular escape interval is dynamically adjusted in accordance 
with a measured intrinsic ventricular rate. By adjusting the ventricular escape interval to 
more nearly match the intrinsic ventricular rate, more paces are delivered and less 
variability in the overall ventricular rhythm is allowed. With a more regular ventricular 
rate, cardiac output is improved during an atrial tachyarrhythmia. Ventricular rate 

25 regularization may also enhance the effectiveness of ventricular resynchronization pacing 
in the presence of an atrial tachyarrhythmia by increasing the number of paces delivered. 



Brief Description of the Drawings 
Fig. 1 is a system diagram of a microprocessor-based pacemaker. 
30 Fig, 2 shows an exemplary filter implementation of a ventricular rate regularization 

system. 
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Fig. 3 is a block diagram illustrating exemplary atrial fibrillation pacing modes. 



Description of the Invention 
The most common condition for which pacemakers are used is in the treatment of 
5 bradycardia, where the ventricular rate is too slow. Atrio-ventricular conduction defects 
(i.e., AV block) that are fixed or intermittent and sick sinus syndrome represent the most 
common causes of bradycardia for which permanent pacing may be indicated. If 
functioning properly, a pacemaker makes up for the heart's inability to pace itself at an 
appropriate rhythm in order to meet metabolic demand by enforcing a minimum heart 

10 rate. As described below, bradycardia pacing modes define which chambers are paced 
and the manner in which the paces are delivered. Pacing therapy can also be used in the 
treatment of congestive heart failure (CHF). Some CHF patients suffer from some degree 
of AV block or are chronotropically deficient such that their cardiac output can be 
improved with conventional bradycardia pacing. It has also been shown, however, that 

15 some CHF patients suffer from intraventricular and/or interventricular conduction defects 
such that their cardiac outputs can be increased by improving the synchronization of right 
and left ventricular contractions with electrical stimulation, referred to herein as 
ventricular resynchronization therapy. 

A pacemaker patient with some degree of CHF who experiences an episode of 

20 atrial fibrillation will suffer some diminishing of cardiac output from the resulting 
irregular ventricular rhythm and/or loss of atrio-ventricular synchrony. Thus, even if a 
patient were adequately treated during normal circumstances with only a bradycardia 
pacing mode, the same patient may benefit from resynchronization therapy to restore 
hemodynamic stability during the atrial fibrillation episode. Furthermore, patients treated 

25 with resynchronization therapy in addition to a bradycardia pacing mode may benefit 
from a modification to the pacing mode including changes to the mode of 
resynchronization. The present invention relates to a method for operating a pacemaker 
in which a normal pacing mode is switched to an atrial fibrillation pacing mode upon 
detection of an atrial tachyarrhythmia such as atrial fibrillation that counteracts the 

30 adverse effects of atrial fibrillation. 
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1. Hardware Platform 

Cardiac pacemakers are cardiac rhythm management devices that provide 
electrical stimulation in the form of pacing pulses to selected chambers of the heart. (As 
the term is used herein, a pacemaker is any cardiac rhythm management device that 
5 performs cardiac pacing, including implantable cardioverter/defibrillators having a pacing 
functionality.) Cardiac rhythm management devices are typically implanted 
subcutaneously in a patient's chest and have leads threaded intravenously into the heart to 
connect the device to electrodes used for sensing and pacing, the electrodes being 
disposed in proximity to selected chambers of the heart. Pacemakers typically have a 

10 programmable electronic controller that causes the pacing pulses to be output in response 
to lapsed time intervals and sensed electrical activity (i.e., intrinsic heart beats not as a 
result of a pacing pulse). A depolarization wave associated with an intrinsic contraction 
of the atria or ventricles that is detected by the pacemaker is referred to as an atrial sense 
(P wave) or ventricular sense (R wave), respectively. In order to cause such a contraction 

15 in the absence of an intrinsic beat, a pacing pulse with energy above a certain pacing 
threshold is delivered to the chamber. 

Fig. 1 shows a system diagram of a microprocessor-based pacemaker physically 
configured with sensing and pacing channels for the atrium and both ventricles. The 
controller 10 of the pacemaker is a microprocessor which communicates with a memory 

20 12 via a bidirectional data bus. The memory 12 typically comprises a ROM (read-only 
memory) for program storage and a RAM (random-access memory) for data storage. The 
pacemaker has atrial sensing and pacing channels comprising electrode 34, lead 33, 
sensing amplifier 31, pulse generator 32, and an atrial channel interface 30 which 
communicates bidirectionally with a port of microprocessor 10. The device also has 

25 ventricular sensing and pacing channels for both ventricles comprising electrodes 24a-b, 
leads 23a-b, sensing amplifiers 21a-b, pulse generators 22a-b, and ventricular channel 
interfaces 20a-b where "a" designates one ventricular channel and "b" designates the 
other. For each channel, the same lead and electrode are used for both sensing and 
pacing. The channel interfaces 20a-b and 30 include analog-to-digital converters for 

30 digitizing sensing signal inputs from the sensing amplifiers and registers which can be 
written to by the microprocessor in order to output pacing pulses, change the pacing pulse 
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amplitude, and adjust the gain and threshold values for the sensing amplifiers. An 
exertion level sensor 330 (e.g., an accelerometer or a minute ventilation sensor) enables 
the controller to adapt the pacing rate in accordance with changes in the patient's physical 
activity. A telemetry interface 40 is also provided for communicating with an external 
5 programmer. A pacemaker incorporating the present invention may possess all of the 
components in Fig. 1 and be programmable so as to operate in a number of different 
modes, or it may have only those components necessary to operate in a particular mode. 

The controller 10 controls the overall operation of the device in accordance with 
programmed instructions stored in memory. The controller 10 controls the delivery of 

10 paces via the pacing channels in accordance with a pacing mode, interprets sense signals 
from the sensing channels, and implements timers for defining escape intervals and 
sensory refractory periods. The controller also detects the presence of arrhythmias such 
as atrial fibrillation by measuring the time interval between senses and implements the 
mode switching function as described herein. It should be appreciated that these functions 

15 could also be performed by custom logic circuitry either in addition to or instead of a 
programmed microprocessor. 

2, Bradycardia Pacing Modes 

Bradycardia pacing modes are generally designated by a letter code of three 
20 positions where each letter in the code refers to a specific function of the pacemaker. The 
first letter refers to which heart chambers are paced and which may be an A (for atrium), 
a V (for ventricle), D (for both chambers), or O (for none). The second letter refers to 
which chambers are sensed by the pacemaker's sensing channels and uses the same letter 
designations as used for pacing. The third letter refers to the pacemaker's response to a 
25 sensed P wave from the atrium or an R wave from the ventricle and may be an I (for 
inhibited), T (for triggered), D (for dual in which both triggering and inhibition are used), 
and O (for no response). Modern pacemakers are typically programmable so that they 
can operate in any mode which the physical configuration of the device will allow. 
Additional sensing of physiological data allows some pacemakers to change the rate at 
30 which they pace the heart in accordance with some parameter correlated to metabolic 
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demand. Such pacemakers are called rate-adaptive pacemakers and are designated by a 
fourth letter added to the three-letter code, R. 

Pacemakers can enforce a minimum heart rate either asynchronously or 
synchronously. In asynchronous pacing, the heart is paced at a fixed rate irrespective of 
5 intrinsic cardiac activity. There is thus a risk with asynchronous pacing that a pacing 
pulse will be delivered coincident with an intrinsic beat. Most pacemakers for treating 
bradycardia today are therefore programmed to operate synchronously in a so-called 
demand mode where sensed cardiac events occurring within a defined interval either 
trigger or inhibit a pacing pulse. Inhibited demand pacing modes utilize escape intervals 

10 to control pacing in accordance with sensed intrinsic activity. In an inhibited demand 
mode, a pacing pulse is delivered to a heart chamber during a cardiac cycle only after 
expiration of a defined escape interval during which no intrinsic beat by the chamber is 
detected. If an intrinsic beat occurs during this interval, the heart is thus allowed to 
"escape" from pacing by the pacemaker. Such an escape interval can be defined for each 

15 paced chamber. For example, a ventricular escape interval can be defined between 
ventricular events so as to be restarted with each ventricular sense or pace. The inverse of 
this escape interval is the minimum rate at which the pacemaker will allow the ventricles 
to beat, sometimes referred to as the lower rate limit (LRL). 

In atrial tracking pacemakers (i.e., VDD or DDD mode), another ventricular 

20 escape interval is defined between atrial and ventricular events, referred to as the atrio- 
ventricular interval (AVI). The atrio-ventricular interval is triggered by an atrial sense or 
pace and stopped by a ventricular sense or pace. A ventricular pace is delivered upon 
expiration of the atrio-ventricular interval if no ventricular sense occurs before. Atrial- 
triggered ventricular pacing attempts to maintain the atrio-ventricular synchrony 

25 occurring with physiological beats whereby atrial contractions augment diastolic filling 
of the ventricles. If a patient has a physiologically normal atrial rhythm, atrial-triggered 
pacing also allows the ventricular pacing rate to be responsive to the metabolic needs of 
the body. Atrial tracking modes are contraindicated when there is chronic refractory 
atrial tachyarrhythmia such as atrial fibrillation or atrial flutter. 

30 A pacemaker can also be configured to pace the atria on an inhibited demand 

basis. An atrial escape interval is then defined as the maximum time interval in which an 
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atrial sense must be detected after a ventricular sense or pace before an atrial pace will be 
delivered. When atrial inhibited demand pacing is combined with atrial-triggered 
ventricular demand pacing (i.e., DDD mode), the lower rate interval is then the sum of 
the atrial escape interval and the atrio-ventricular interval. 
5 Rate-adaptive pacemakers modulate the ventricular and/or atrial escape intervals 

base upon measurements corresponding to physical activity. Such pacemakers are 
applicable to situations in which atrial tracking modes cannot be use. In a rate-adaptive 
pacemaker operating in a ventricular pacing mode, the LRL is adjusted in accordance 
with exertion level measurements such as from an accelerometer or minute ventilation 
10 sensor in order for the heart rate to more nearly match metabolic demand. The adjusted 
LRL is then termed the sensor-indicated rate. 

3. Ventricular Resvnchronization Therapy 

In a ventricular ^synchronization pacing mode, pacing stimulation is applied to 
15 one or both ventricles in a manner that improves the coordination of ventricular 
contractions and thereby improves ventricular pumping efficiency. In delivering such 
therapy, for example, it may be useful to pace only one ventricle on an inhibited demand 
basis in accordance with sense signals received from the opposite ventricle, pace one 
ventricle in a triggered mode in which an intrinsic beat in one ventricle triggers a pace in 
20 the opposite ventricle, pace both ventricles on an inhibited demand basis in accordance 
with sense signals received from only one ventricle, or pace both ventricles in a 
combination of triggered and inhibited demand modes. In the examples of 
^synchronization therapy that follow, the ventricular pacing modes are based upon 
intrinsic activity in the right ventricle. It should be appreciated, however, that equivalent 
25 embodiments could be applied to pacing modes based upon left ventricular intrinsic 
activity. 

One implementation of ^synchronization therapy is biventricular (BV) pacing. In 
B V pacing, a left ventricular pace is delivered either simultaneously or in a timed relation 
with a right ventricle pace as specified by a biventricular offset interval. The offset 
30 interval may be zero in order to pace both ventricles simultaneously, positive in order to 
pace the left ventricle after the right, or negative if the left ventricle is paced before the 
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right. In many cases, pumping efficiency of the heart will be increased by simultaneous 
pacing of the ventricles with an offset of zero. However, it may be desirable in certain 
patients to pace one ventricle before the other in order to compensate for different 
conduction velocities in the two ventricles, and this may be accomplished by specifying a 
5 particular biventricular offset interval. The ventricles may be paced on an inhibited 
demand basis where the ventricular escape interval is restarted with either a ventricular 
pace or a right ventricular sense. The pacing mode may also include atrial tracking. In 
that case, a pair of ventricular paces are delivered after expiration of the AVI escape 
interval or expiration of the LRL escape interval, with ventricular pacing inhibited by a 

10 right ventricular sense that restarts the LRL escape interval or stops the AVI escape 
interval. Since the ventricular escape interval in this mode is reset or stopped by senses 
only from the right ventricle, a left ventricular protection period may be provided that 
starts with the occurrence of a left ventricular sense and lasts for a specified time. A left 
ventricular pace is then not permitted upon expiration of the escape interval if it would 

1 5 occur within the protection period. 

A variation of biventricular pacing is to pace only the left ventricle (LV-only 
pacing). LV-only pacing may be advantageous where the conduction velocities within 
the ventricles are such that pacing only the left ventricle results in a more coordinated 
contraction by the ventricles than with conventional right ventricular pacing or 

20 biventricular pacing. LV-only pacing may be implemented in inhibited demand modes 
with or without atrial tracking, similar to biventricular pacing. A left ventricular pace is 
then delivered upon expiration of the AVI escape interval or expiration of the LRL escape 
interval, with left ventricular pacing inhibited by a right ventricular sense that restarts the 
LRL escape interval or stops the AVI escape interval. As with BV pacing, a left 

25 ventricular pace may be inhibited if a left ventricular sense occurs within a protective 
period prior to expiration of the ventricular escape interval. Since an inhibited left 
ventricular pace in this mode could result in a cardiac cycle with no pacing, the mode 
may be further modified such that a right ventricular safety pace is delivered if the left 
ventricular pace is inhibited and no right ventricular sense has occurred. 

30 Another ventricular ^synchronization mode is a biventricular triggered (BT) 

mode where one or both ventricles are paced within a latency period following a sense 
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from the right ventricle. In this mode, rather than inhibiting pacing upon receipt of a 
right ventricular sense, ventricular pacing is triggered to occur in the shortest time 
possible after a right ventricular sense in order produce a coordinated contraction of the 
ventricles. This mode of pacing may be desirable when the intraventricular conduction 
5 time of the heart is long enough that the pacemaker is able to reliably insert a pace before 
depolarization from the right ventricle would reach the left ventricle. The time delay 
between a right ventricular sense and the ensuing pace output is dictated by the response 
time of the hardware and is designated as the sense-to-pace latency (SPL) interval. Note 
that the SPL interval is a characteristic of the hardware and not a programmable timer 

10 interval. The mode may operate such that following a right ventricular sense, either the 
left ventricle only is paced, or both ventricles are paced. In the latter case, the right 
ventricle is paced even though a right ventricular sense has been received to allow for the 
possibility that the right ventricular sense was actually a far-field left ventricular sense in 
the right ventricular channel. If the right ventricular sense were actually from the right 

15 ventricle, the right ventricular pace would occur during the right ventricle's physiological 
refractory period and be of no consequence. With either type of BT pacing mode, pacing 
of the left ventricle can be inhibited by a left ventricular sense that triggers a left 
ventricular protective period interval. Biventricular triggered pacing can also be 
combined with biventricular inhibited demand pacing. 

20 

4. Ventricular Rate Regularization 

Ventricular rate regularization (VRR) is a ventricular pacing mode in which the 
LRL of the pacemaker is dynamically adjusted in accordance with a detected intrinsic 
ventricular rate. When a pacemaker is operating in a ventricular pacing mode (e.g., WI), 

25 intrinsic ventricular beats occur when the instantaneous intrinsic rate rises above the LRL 
of the pacemaker. Otherwise, paces are delivered at a rate equal to the LRL. Thus, paces 
are interspersed with intrinsic beats, and the overall ventricular rhythm as a result of both 
paces and intrinsic beats is determined by the LRL and the mean value and variability of 
the intrinsic ventricular rate. VRR regularizes the overall ventricular rhythm by adjusting 

30 the LRL of the pacemaker in accordance with changes in the measured intrinsic rate. 

The intrinsic ventricular rate is the rate at which intrinsic ventricular beats occur 
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and can be defined both instantaneously and as being at some mean value with a certain 
variability about that mean. The instantaneous intrinsic rate can be determined by 
measuring an R-R interval, where an R-R interval is the time between a present 
ventricular sense (i.e., an R-wave or intrinsic ventricular depolarization) and the 
5 preceding ventricular sense or ventricular pace, with the instantaneous rate being the 
reciprocal of the measured interval. The LRL of a pacemaker is initially set to a 
programmed base value and defines the ventricular escape interval, which is the 
maximum time between ventricular beats allowed by the pacemaker and is the reciprocal 
of the LRL. At any particular mean intrinsic rate above the LRL, a ventricular pace is 

10 delivered only when, due to the variability in the intrinsic rate, an R-R interval would be 
longer than the ventricular escape interval were it allowed to occur. As the mean intrinsic 
ventricular rate increases above the LRL, fewer paces are delivered and more variability 
in the overall ventricular rhythm is allowed. The VRR pacing mode counteracts this by 
increasing the LRL as the intrinsic ventricular rate increases to thereby increase the 

15 frequency of paced beats and lessen the variability in the overall ventricular rate. The 
VRR mode then decreases the LRL toward its base value as the number of paces 
delivered increases due to a decrease in either the mean intrinsic ventricular rate or its 
variability. The LRL adjusted in this manner is also referred to herein as the VRR- 
indicated rate. 

20 In one embodiment of VRR, the LRL is adjusted by measuring an R-R interval 

when a ventricular sense occurs and then computing an updated ventricular escape 
interval based upon the measured R-R interval. When a ventricular pace is delivered, on 
the other hand, the LRL is made to decay toward the programmed base value. Fig. 2 
shows an exemplary implementation of a VRR system made up of a pair of filters 515 

25 and 516 which may be implemented as software executed by the controller 10 and/or with 
discrete components. Filter 515 is employed to compute the updated ventricular escape 
interval when a ventricular sense occurs, and filter 516 is used when a ventricular pace is 
delivered. 

When a ventricular sense occurs, the measured R-R interval is input to a recursive 
30 digital filter 515 whose output is the updated ventricular escape interval The filter 515 
multiplies the measured R-R interval by a filter coefficient A and then adds the result to 
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the previous value of the output (i.e., the present ventricular escape interval) multiplied 
by a filter coefficient B. The operation of the filter is thus described by VEI n — A(RR n ) + 
B(VEI n J, where A and B are selected coefficients, RR n is the most recent R-R interval 
duration, and VEI n _ } is the previous value of the ventricular escape interval. A useful way 
5 to conceptualize the filter 515 is to decompose the coefficients A and B into a scaling 
factor a and a weighting coefficient w such that A = a-w and B = (1-w), where w is 
between 0 and 1. Viewed this way, the filter is seen as computing a weighted average of 
the present R-R interval multiplied by the scaling factor a and the present ventricular 
escape interval. The filter thus causes the value of the ventricular escape interval to 

10 move toward the present R-R interval multiplied by the scaling factor at a rate determined 
by the weighting coefficient. This corresponds to the filter moving the pacemaker's LRL 
toward a fraction l/a of the instantaneous intrinsic ventricular rate as determined by the 
measured R-R interval. If a ventricular sense has occurred, the current LRL is necessarily 
less than the measured instantaneous intrinsic ventricular rate. If it is also less than l/a of 

15 the intrinsic rate, the LRL is increased by the filter up to a value that is l/a of the intrinsic 
rate to result in more pacing and less variability in the overall ventricular rhythm. 

When a ventricular pace is delivered due to expiration of the ventricular escape 
interval without a ventricular sense, filter 516 multiplies the present ventricular escape 
interval by a filter coefficient C so that VEI n = C(VEI n J. To provide stable operation, the 

20 coefficient C must be set to a value greater than 1. Filter 516 then causes the ventricular 
escape interval to increase in an exponential manner with each pace as successive values 
of the escape interval are input to the filter up to a value corresponding to the base LRL. 

The updating of the ventricular escape interval may be performed in various ways 
including on a beat-to-beat basis, at periodic intervals, or with averages of successive R-R 

25 intervals. In a presently preferred embodiment, however, the updating is performed on a 
beat-to-beat basis with each ventricular sense or pace causing adjustment of the LRL by 
filter 515 or 516, respectively. The two filters operating together thus cause the LRL to 
move closer to l/a of the measured intrinsic rate after a ventricular sense and to decay 
toward the base LRL value after a ventricular pace. 

30 The coefficients a and w (or A and B) and C are selected by the user and may be 

made programmable so that the behavior of the system can be adjusted to produce the 
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clinically best result in an individual patient. For example, as the scaling factor a is made 
greater than 1, the filter 515 causes the LRL to move toward a smaller fraction 1/a of the 
detected intrinsic rate which allows more intrinsic beats to occur and greater variability in 
the overall rhythm. As a is decreased back toward 1, the filter 515 tends to move the 
5 LRL of the pacemaker toward a larger fraction of the detected instantaneous intrinsic rate, 
thus increasing the amount of pacing and decreasing the amount of variability allowed in 
the overall ventricular rhythm. If a is made smaller than 1, the LRL is moved toward a 
rate higher than the intrinsic rate, further increasing the amount of pacing to point where 
most of the ventricular rhythm is made up of paced beats. The larger the weighting factor 

10 w 9 the faster the LRL is moved to the specified fraction of the intrinsic rate, making the 
system more responsive to increases in the variability of the intrinsic rhythm. The larger 
the decay coefficient C, the more rapidly will filter 516 cause the LRL to decrease toward 
its programmed base value when ventricular paces are delivered due to no ventricular 
senses being detected within the ventricular escape interval. The controller limits the 

15 updated ventricular escape interval as a result of the operations of filters 515 and 516 to 
minimum and maximum values in accordance with a programmed maximum pacing rate 
MPR and base lower rate limit LRL, respectively. 

As noted, the coefficients of filters 515 and 516 can be made programmable by 
the user, such as by using a remote programmer. In another embodiment, the user selects 

20 a desired performance parameter (e.g., desired degree of rate regularization, desired 
amount of pacing, desired decay rate, etc.) from a corresponding range of possible values. 
The appropriate combinations of coefficients for filters 515 and 516 are then 
automatically selected to provide filter settings that correspond to the selected user- 
programmed performance parameter. The filter coefficients can also be made functions 

25 of other parameters, such as the measured R-R interval and current LRL setting, and 
dynamically adjusted. 

The VRR system in this embodiment uses the programmed base LRL of the 
pacemaker as the lower limit to which the LRL is permitted to decay when no ventricular 
senses are detected. The base LRL can be changed periodically by the user with an 

30 external programmer, and rate-adaptive pacemakers have the capability of dynamically 
adjusting the LRL in order to adapt to exercise. If a rate-adaptive pacemaker is operated 
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in a VRR mode, the sensor-indicated rate can simply be regarded by the pacemaker as the 
base LRL. The lower limit for the VRR-indicated rate is then the sensor-indicated rate 
rather than the programmed base LRL. 

5 5, Pacing Mode Switching During Atrial Fibrillation 

Fig. 3 is a block diagram illustrating examples of an atrial fibrillation pacing 
mode that is switched to upon detection of an atrial tachyarrhythmia. An atrial 
tachyarrhythmia, such as atrial fibrillation, is detected at block 300 while the pacemaker 
is operating in its normal mode. Atrial triggered ventricular pacing is contraindicated 

10 during an atrial tachyarrhythmia because atrial rate tracking would result in ventricular 
pacing that is too rapid. If the normal mode incorporates atrial tracking and/or atrial 
pacing, therefore, the atrial fibrillation mode includes a reversion to a non-atrial triggered 
ventricular pacing mode (i.e., VVx mode) as shown at block 301. The atrial fibrillation 
mode may also include one or more other pacing modes, each of which will be discussed 

15 in turn. 

The atrial fibrillation mode may include initiation of ventricular rate 
regularization as shown at block 302. If AV conduction is intact in a patient, atrial 
fibrillation results in a very rapid and intrinsic ventricular rhythm, and regularizing the 
ventricular rate improves cardiac output directly through its effect on diastolic filling. 

20 Ventricular rate regularization may be applied in this instance with parameter settings 
such that the ventricles are driven at a rate near the intrinsic rate. The intrinsic ventricular 
rhythm that occurs during an episode of atrial fibrillation is a result of the chaotically 
occurring depolarizations occurring in the atria being passed through the AV node to the 
ventricles. The intrinsic ventricular rate is thus governed by the cycle length of the atrial 

25 fibrillation and the refractory period of the AV node. If a ventricular pacing pulse is 
delivered before the next intrinsic beat occurs, the ventricular depolarization is conducted 
retrogradely to the AV node causing late depolarization of the AV node during the 
ventricular beat. The refractory period of the AV node is also delayed, which delays the 
time before an atrial depolarization can be conducted through the node to result in an 

30 intrinsic beat. The effect of the pace is thus to lengthen the time until the next intrinsic 
beat. Ventricular rate regularization at a pacing rate near the intrinsic ventricular rate is 
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thus especially effective at regularizing the ventricular rate during atrial fibrillation. 

Ventricular ^synchronization therapy may also be initiated as part of the atrial 
fibrillation mode. In pacemaker patients having some degree of interventricular or 
intraventricular conduction delays, a ventricular ^synchronization pacing mode can 
5 improve cardiac output by improving the coordination of ventricular contractions. 
Although cardiac output may be adequate in some of these patients during normal 
circumstances even without ventricular ^synchronization pacing, an episode of atrial 
fibrillation with loss of atrio-ventricular synchrony and irregular diastolic filling may 
cause the conduction deficits to become clinically evident. Switching the pacemaker to a 

10 ventricular ^synchronization pacing mode may then be helpful in maintaining cardiac 
output when atrial fibrillation is detected. 

Resynchronization pacing as incorporated into the atrial fibrillation mode may be 
delivered in a number of different pacing modes. One such resynchronization pacing 
mode is biventricular pacing with or without an offset interval. This mode can be 

15 combined with the reverted to VVI bradycardia pacing mode to result in biventricular 
pacing on an inhibited demand basis as depicted at block 304. Other alternatives for the 
atrial fibrillation mode are biventricular-triggered and LV-only pacing modes as shown 
by blocks 306 and 303, respectively. Biventricular-triggered resynchronization pacing 
may be particularly useful when the intrinsic ventricular rate is irregular as it allows 

20 reliable delivery of resynchronization pulses based upon the irregular rate. It may also be 
advantageous to combine resynchronization pacing with ventricular rate regulation as the 
ventricular rate regulation can be set to increase the amount of pacing and, therefore, the 
amount of resynchronization. If ventricular resynchronization is part of the normal 
pacing mode, the atrial fibrillation mode may then include particular modification of 

25 resynchronization pacing parameters such as adjustments to the biventricular offset 
interval designated by block 305, or switching to an alternative resynchronization pacing 
mode or switching to additional or alternate pacing sites. 

The diminished cardiac output that occurs during atrial fibrillation can also be 
partially counteracted by making the pacing rate responsive to measured exertion levels. 

30 Accordingly, the atrial fibrillation mode may also include switching from non-rate 
adaptive to rate-adaptive pacing as shown at block 308, and/or modification of rate- 
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adaptive parameters as shown at block 307. In the latter case, for example, the rate- 
response curve that maps a given exertion level to a particular pacing rate may be 
adjusted to make the pacemaker more responsive, and/or the base lower rate limit 
corresponding to a resting exertion level could be increased. 

Although the invention has been described in conjunction with the foregoing 
specific embodiment, many alternatives, variations, and modifications will be apparent to 
those of ordinary skill in the art. Such alternatives, variations, and modifications are 
intended to fall within the scope of the following appended claims. 
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